The adsorption equilibrium constants of monovalent and divalent cations to material surfaces in aqueous media are central to many technological, natural, and geochemical processes. Cation adsorption/desorption is often proposed to occur in concert with proton-transfer on hydroxylcovered mineral surfaces, but so far this cooperative effect has been inferred indirectly. This work applies Density Functional Theory (DFT)-based molecular dynamics simulations of explicit liquid water/mineral interfaces to calculate metal ion desorption free energies. Monodentate adsorption of Na + , Mg 2+ , and Cu 2+ on partially deprotonated silica surfaces are considered. Na + is predicted to be unbound, while Cu 2+ exhibits larger binding free energies to surface SiO − groups than Mg 2+ .
dynamics studies have generally resorted to static assignment of surface hydroxyl deprotonation states. This approach cannot address correlations and dynamical fluctuations in the electrostatic environments of binding sites due to acid-base reactions.
The present work highlights the coupled cation desorption/material surface proton transfer phenomenon, using Density Functional Theory (DFT)-based molecular dynamics (or "ab initio molecular dynamics"/AIMD) simulations. AIMD has been shown to predict acid-base reactions to within 1 pH unit. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] DFT also explicitly includes the effect of partial 3d orbital occupancies. AIMD is therefore well-suited to modeling metal adsorption on mineral surfaces with OH groups at binding sites. 7, 28, 36, 37 Existing AIMD work have not directly addressed cooperative acid-base/cation adsorption, partly because some materials surfaces previously examined may not exhibit this behavior and partly because PMF methods have not been applied to pull cations sufficiently far from the surface. Our AIMD results will be supported by batch adsorption isotherm experiments and compared with classical force field predictions.
The cations of interest here are Na + , Mg 2+ , and Cu 2+ . The model substrate chosen is a reconstructed β-crystabolite (001) surface, with about 4/nm 2 SiOH group surface density.
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It has several advantages as a benchmark.
(1) The surface SiOH density is in reasonable accord with that cited for well-soaked, amorphous silica. 38 (2) We have previously computed its pK a using AIMD potential-of-mean-force calculations, and can therefore correlate this pK a with cation desorption calculations conducted using similar AIMD methods. (3) The surface has a moderate cell size, and only one distinct type of silanol (SiOH) group. Each
SiOH is at least 5Å from all other SiOH, ensuring that cations can only coordinate to one SiO − group on this model surface (i.e., they are monodentate). This feature simplifies the computational analysis. In contrast, many crystalline mineral surfaces feature numerous cation-binding sites and types of hydroxyl groups. For details of the initiation of AIMD simulation cells, see the Supporting Information (S.I.)
document.
In the presence of acid functional groups at water/material interfaces, the pH in the simulation cell should be pinned at the pK a of functional groups, provided that (1) there is only one type of such groups; (2) a fraction of them are deprotonated; (3) their pK a is lower than that of H 2 O; and (4) the surface groups do not interact with each other. Within the non-interacting assumption, the pH in our AIMD cells should be between 7.0 and 8.1 -the pK a range previously predicted for this surface. 33 In experimental samples with amorphous or crystalline silica, bimodal or trimodal pK a distributions of pK a have been reported.
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It would have been more challenging to assign pK a in AIMD simulation cells with multiple types of SiOH.
Potential-of-mean-force (PMF) free energy simulations computes ∆W (Z) as the natural logrithm of the probability distribution of the two-body reaction coordinate of the form 
Here V o is the volume associated with 1.0 M aqueous solution (1662Å 3 ) and T=300 K is assumed. The volume element Ω spans the configuration space where M n+ is "bonded" to the SiO − group. A limiting bonding distance of 2.50Å is assumed. At this separation the pair correlation functions between transition metal ions and water oxygen sites exhibits their first turning points. 45 The angular distribution is also involved in the integral. To our knowledge, Ω has not been standardized for PMF calculations at interfaces. as a cylinder with a radius R=0.5Å estimated from a completely unconstrained trajectory.
Electrostatic corrections associated with image dipoles are added to Mg 2+ PMF predictions.
These corrections do not exceed 0.1 eV, are less than 0.03 eV for monovalent cations, and are further discussed in the S.I. First we focus on Na + on reconstructed β-cristobalite surface, with one deprotonated SiOH group in the surface cell. In other words, 25% of the SiOH on one surface is deprotonated. Fig. 1 shows that the ∆W (Z) minimum is very shallow (-0.087 eV) for Na + .
We start an AIMD trajectory with Na + coordinated to the surface site, without applying constraints. Na + remains there for ∼45 ps; at longer times, it spontaneously escapes into the bulk solution. The statistics in Fig. 1 are collected prior to this spontaneous event. In subsequent sampling windows, PMF calculations circumvents this time scale problem by using constraining potentials. Substituting ∆W (Z) into Eq. 1, the free energy cost of Na + adsorbing on to this silica surface from a 1.0 M Na + solution is ∆G abs =+0.13 eV, if Na + is assumed to exhibit an activity coefficient of unity. The positive sign of ∆G abs means there is no tendency for Na + to bind to the surface. respectively. In both snapshots, the SiO − group originally coordinated to Na + has become
protonated. An H 2 O molecule has spontaneously inserted between the SiOH group and the Na + before the second snapshot takes place. An apparent coordination number of four is seen in these snapshots only because the Na + is close to the surface. In the Z∼4.2Å
window, we have computed the pair correlation g(r) between Na + and H 2 O O atoms. The first minimum in the g(r) is ∼3.16Å; integrating to this distance yields an average hydration number of 5.17. These values are similar to those computed for Na + in bulk water using AIMD 46 and polarizable force field 47 methods.
A recent calorimetry study reports favorable inner-sphere Na + adsorption enthalpy on partially deprotonated quartz particle surfaces at pH=4. 16 Relating the quantitative enthalpic value per milligram silica sample to our calculations is challenging because the surface densities per type of deprotonated SiOH groups per unit surface area are not specified. Na + adsorption on silica has been inferred as inner-sphere 16 or outer-sphere, 10 depending on the measurement technique used, although the details of the silica samples and electrolytes differ. Our prediction that Na + is unbound on a specific model silica surface beyond a ∼45 ps residence time may help interpret the data and resolve the discrepancy.
Recent AIMD simulations of deprotonated silica surfaces 27, 35 have reported persistent Na + coordination to the quartz (001) surface for the duration of trajectory lengths of ∼10 ps.
However, that surface exhibits a higher SiOH surface density than our model or amorphous silica. Na + can be also be bidentate or even tridentate on quartz (001). Future AIMD calculations to compute desorption PMF associated with Na + at bidentate sites will further clarify transient inner-versus outer-sphere adsorption behavior.
We have also performed classical MD simulations using the same AIMD cristobalite surface, but increasing the surface area by a factor of four and adding a thicker aqueous layer (30Å (Fig. 2d) . Integrating ∆W (Z) via Eq. 1 yields a favorable 0.14 eV binding free energy, unlike Na + which is predicted to be unbound. Calorimetry studies has shown that Mg 2+ adsorption yields larger enthapy release than Na + . into Eq.1, the Cu 2+ adsorption free energy is found to be a favorable -0.47 eV. This is substantially higher than our predicted Mg 2+ value. It is a general trend that first row transition metal divalent cations tend to exhibit stronger binding behavior. 53 In the SiO − -Cu 2+ inner-sphere complex regime (Fig. 2e) , Cu 2+ is coordinated to 4 H 2 O and a SiO − group, which is slightly different from the 6-coordinated Mg 2+ (Fig. 2d) . Indeed, even in liquid water, it has been reported that the inner solvation shell of Cu 2+ exhibits first hydration shell behaviors distinct from other first row transition metal ions. This will be further discussed below (Fig. 4) .
In Fig. S3 binding site exhibits ∼1.7-2.2 eV first minima in ∆W (Z). We stress that none of the calculations discussed for this comparison purpose have reported cooperative acid-base reactions -either because they apply classical force fields or because the material surface is different.
On amorphous silica surfaces, Cu
2+ can form dimers. 12 At sufficiently high pH it precipitates to form Cu(OH) 2 . Our AIMD simulation cells, which contain one divalent cation, cannot model dimerization and precipitation. However, the intriguing desorption configurations we predict are likely precursors to such complex Cu 2+ behavior if more than one Cu 2+ is present.
Batch adsorption isotherm experiments were performed to evaluate the competitive adsorption of Cu and Mg on fumed silica and provide validation of DFT calculations. For competitive adsorption studies, Cu(NO 3 ) 2 and Mg(NO 3 ) 2 were added to each 50 mL centrifuge tube with concentrations ranging from 0.005 mM to 0.1 mM and brought up to 10 mL total volume with Milli-Q water. The pH was adjusted to 6.0 ± 0.1 using dilute HNO 3 or NH 4 OH.
Experimental data was fit to the Langmuir adsorption model, which represents homogeneous adsorption and estimates the adsorption maximum by limiting adsorption to monolayer coverage. The Langmuir adsorption equation applied for analysis is shown in Eq. 2,
where q e is the mass normalized equilibrium adsorption of the metal for Mg 2+ and Cu
2+
(µmol/g), q m is the mass normalized adsorption values for these cations (µmol/g), and K L is the Langmuir constant (L/µmol), The Langmuir fitting parameters were estimated by fitting the data using the curve fitting function in Igor Pro. Other experimental details are given in the S.I.
The experimental results are summarized in Fig. 3 (Fig. 4a) , in sampling windows centered around Z∼2.7Å and below, the silanol group is deprotonated at the cation binding site. This maximizes electrostatic attraction with Na + . The exception is Z∼ 1.9Å.
A closer examination reveals that the Na + ion is vacillating between two SiO − /SiOH groups, coordinating to one and then the other. When Z is around ∼3.0 to 4.0Å, P (Z) fluctuates between 0.4 and 1.0. Asymptotically, when Na + is infinitely far away, each of the four SiOH on this surface should have an equal, 25% probability of being deprotonated. The AIMD trajectories are not sufficiently long to reflect that. We stress that our trajectory lengths are chosen to converge ∆W (Z) to a certain precision, not necessarily other properties like mean protonation states.
Mg 2+ and Cu 2+ exhibit qualitatively similar protonation behavior (Fig. 4b,c varies non-monotonically as the cation desorbs. This may be a useful consideration when defining the SiOH protonation as a "slow variable" in future metadynamics ion desorption calculations.
The SI considers dynamic correlations between SiOH protonation states and ∆W (Z). We conclude that SiOH protonation state fluctuations are not strongly dynamically correlated with cation desorption free energies in windows where 0< P (Z) <1. This suggests that AIMD PMF predictions are reliable despite the somewhat slow p(t) fluctuation time scales.
In conclusion, we have used ab initio molecular dynamics potential-of-mean-force tech- 
